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Abstract  
The RHQT process enables to form a stoichiometric Nb3Al with fine-grain 
structures via a bcc supersaturated solid solution and so that a large Jc is 
achieved over the whole range of magnetic fields without trading off the 
excellent strain tolerance.  A long-length of RHQ processing has been 
established, and a rectangular but Cu stabilized Nb3Al strand is about to be 
commercially available for NMR uses.  Another stabilization technique has 
been developed and likely applicable to accelerator uses.  Research activities 
at the KEK with respect to the low field Jc characterization are also 
described.  
1. INTRODUCTION  
Compared to Nb3Sn that is in the most advanced state of development for future accelerator magnet, 
Nb3Al conductor has a better tolerance to strain [1], [2] and a higher critical magnetic field (30 T at 4.2 
K) for stoichiometric composition.  In Japan, the rapid-heating, quenching and transformation (RHQT) 
processed Nb3Al conductor has been mainly developed for a high-resolution nuclear magnetic 
resonance (NMR) spectroscopy, rather than nuclear fusion and accelerator uses.  Accordingly the 
specification of conductor trial manufactured so far had not been always suitable for the accelerator 
magnets.  That is, an incorporation of stabilizer has been carried out by mechanical cladding of Cu 
after RHQ operation, and the resultant cross section of strand is rectangular [3]-[7].  This is suitable 
for NMR magnet, but not for the Rutherford-type cable.  Furthermore, optimization of cross-sectional 
design and transformation heat treatment has been performed to obtain good critical current densities 
at fields higher than 21 T, which is far away above the target field of accelerator magnet (10-15 T).  
Thus, even the fundamental critical parameter of Jc at around 10 T has not been always evaluated 
precisely yet. 
However, the High Energy Accelerator Research Organization (KEK) has recently started a 
research and development (R&D) program of Nb3Al conductor for future accelerator magnets, and 
evaluated the Jc precisely at around 10 T for a round and Cu electroplated wire [8], in collaboration 
with the National Institute for Materials Science (NIMS).  Since a making of long-length of conductor 
[9],[10] and the transformation heat treatment for NMR magnets [11] seem to have a lot in common 
with that required for accelerator magnets, these results, low field Jc characteristics [8] and a newly 
developed stabilization technique [12]- [14] will be described in this review article. 
2. LONG-LENGTH OF PROCESSING 
2.1 Precursor  
In the manufacture of Nb3Al precursor, in contrast to Nb3Sn, diffusion considerations require that the 
elemental constituents should be assembled so as to result in Al dimensions of less than 100 nm in the 
finished wire [5], [17]. As shown in Fig. 1, multifilamentary Nb/Al precursor is prepared by the jelly- 
Roll (JR) process.  
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    Fig. 1  Schematic illustration of a reel-to-reel joule heating apparatus and the flow chart of the RHQT 
process 
 
The standard JR precursor is fabricated by rolling a bilayer of Nb and al foils onto a pure Nb rod.  Cu 
cans are necessary for extruding and drawing the monofilament and multifilament, but must be 
chemically removed off because the Cu would melt during the rapid-heating and quenching (RHQ) 
treatment.  Thus, the standard multifilament has the Nb-matrix structure. 
The piece-length of precursor wire 1.35 mm in diameter was so far limited to 300 meters [9], 
but the NIMS and Hitachi Cable, Ltd., have very recently succeeded in increasing the above 
mentioned piece-length by a factor of eight (2600 meters), by using a more powerful 4000 ton 
hydrostatic extrusion machine and enlarging a multifilamentary billet size (about 50 Kg) [15]. 
2.2 RHQ operation  
In addition to making a long-length Nb/Al precursor, a uniform RHQ treatment along the long-length 
of precursor-wire is of great importance for a scale-up.  In a reel-to-reel apparatus for the RHQ 
operation a JR precursor wire is fed, with a constant speed, from a pay-off spool, around a Cu 
electrode wheel, into liquid Ga, and onto a take-up spool [2].  During operation a current is passed 
through the section of wire between a Cu wheel and the Ga in such a way that the maximum joule-
heating temperature (Tmax) is achieved just above the Ga and then the wire gets rapidly quenched.  The 
resultant microstructure and superconducting properties strongly depend on the Tmax, which might 
unexpectedly and undesirably vary during a long-length of processing even if the joule-heating current 
IRHQ could be kept at a constant.  This is because a decrease in a liquid Ga level and a warp/vibration 
of wire would cause the equivalent heating time to increase.  There is, however, a plateau region 
where the wire is quenched from the extended solid solution (1910 to 2060oC) and the resultant Tc and 
Jc are insensitive to IRHQ.  The Jc (21T, 4.2K) is largest in such a plateau region, as shown in Fig. 2.  
The variation of Jc (21T, 4.2K) with IRHQ in the plateau region is ± 7 %.  It is quite difficult to adjust a 
Tmax to the destined one with accuracy of a few degrees as is required for Bi oxide superconductors.  
However, by coordinating a reel-to-reel movement so as to suppress the warp and vibration of wire, 
the scatter of Tmax due to factors other than IRHQ could be depressed far less than a half of 150oC that is 
a temperature width of extended solid solution for the stoichiometric composition.  Note the existence 
of a plateau region that enables the uniform long-length of RHQ processing.  The plateau width of the 
joule heating current is 10.5 A for a 1.35 mm diameter wire, width that is much larger than the 
controlling accuracy of the constant current supply used.   
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In order to prevent Tmax from deviating from the optimum region, the IRHQ for a 300 m length of 
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    Fig. 2 Variations of Tc and the logarithm of the Jc as a function of joule heating current for the samples 
that were directly subjected to a transformation annealing at 800oC for 10 h (no deformation).  The phases 
identified with x-ray diffraction and mechanical properties for the as-quenched state, and the speculated 
high-temperature state from which the wire is quenched are given above the figure. 
 






















































    Fig. 3 Distribution of Tc and Ic from point to tail of a 300 m length of RHQ processed wire (1.35 mm 




     Fig. 4 A newly installed reel-to-reel joule heating apparatus at the NIMS, which is designed to process 
a long-length of RHQ operation over 2 km for a wire 1.35 mm in diameter. 
 
A 300 m length of RHQ processed wire shows a uniform distribution of Tc and Ic, as shown in Fig. 3.  
The distribution of Tc and Ic from point to tail of a 300 m length of wire was examined by cutting off, 
every 30 m, the short section of wire that is subsequently transformation annealed at 800oC for 10 h.  
The standard deviation of Ic (4.2K) at 21 T along a 300 m wire was about 5 %, which was less than the 
variation of Jc (4.2K) at 21 T with IRHQ in the plateau region (± 7 %).  The section of wire that shows 
the minimum Tc and Ic (Jc) values (Fig. 3) would determine the superconducting properties of a whole 
long-length of RHQT JR Nb3Al conductor. A Cu stabilizer would be subsequently incorporated  by a 
mechanical cladding method and finally transformation annealed. 
A new reel-to-reel RHQ apparatus [16] that would be capable of processing a 2 km length of 
wire is now under installation at the NIMS (Fig. 4).  This RHQ apparatus has some improved 
functions that enable to control the initial acceleration and steady speed of wire along with time, to 
keep constant the level of molten Ga and hence the spacing of electrodes through RHQ operation, and 
to prevent an unwanted laxation of wire between electrodes by attaching the pinch rollers in a section 
between Ga bath and a traverse wheel.  I hope that such efforts of enlarging of a multifilament billet 
(about 50 kg) and RHQ apparatus would allow a long-length of RHQT JR Nb3Al conductor to be 
available with a reasonable price. 
3. INCORPORATION OF STABILIZER 
3.1. External stabilization 
One of the important features of the RHQT Nb3Al conductor is a ductile nature of as-quenched wire at 
room temperature that enables the conductor to be stranded into Rutherford and cable-in-conduit 
cables or subjected to the mechanical cladding with Cu.  Fig. 5 shows the Cu clad stabilized conductor 
for NMR uses and compacted-strand-cable consisting three Nb3Al strands and three Cu wires.  In both 
cases the Cu stabilizer was incorporated after of RHQ operation by utilizing the ductile nature of as-
quenched wire.  Note that Jc was rather enhanced at the beginning of deformation of the Nb/Nb(Al)ss 
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strand; Jc of the Cu-clad Nb/Nb(Al)ss composite is increased from 150 A/mm2 to 335 A/mm2 at 21 T 
by 42% RA as shown in Fig. 5 (c).  Such an enhancement in Jc compensates well for the reduction in 
cross sectional area; Ic at 21 T is increased by 50% for 26% RA.  The mechanical strains induced at the 
Cu cladding seems to promote the transformation to the A15 phase, and thereby the desirable 
transformation from such a disordered bcc phase could occur faster than the ordering of bcc Nb(Al)ss.  
Furthermore, such a transformation seems to cause a fine grain structure because of a high nucleation 
rate.  Thus, Jc increases with increasing RA at the beginning of deformation.  However, excess 
deformation at the cladding might also enhance such the order-disorder reaction of the bcc phase, and 
thus Jc degrades at the large RA.  
 
 
    Fig. 5 Cross-sectional views of (a) Cu clad stabilized rectangular Nb3Al monolithic strand, (b) 
compacted-strand-cables consisting of 3-Nb3Al-strands and 3-Cu-wires, and (c) variations of Jc and Ic of Cu 
clad Nb3Al as a function of reduction in area at cladding.  
 
3.2. Internal stabilization 
The mutual insolubility and non-reactivity of Ag with Nb, even at temperatures higher than1900oC, 
enables the Ag stabilizer to be initially and internally included as a basic constituent of the strand.  
Advantages of the internally stabilized RHQT Nb3Al conductors are as follows, 
(1) Less expensive: the Cu cladding process after RHQ operation can be omitted. 
(2) Flexibility in decreasing a diameter of precursor wire. 
(3) Round cross section of wire: an omission of Cu cladding process relaxes the restrictions of cross 
sectional shape and wire diameter and the resultant fine wire would enable a high current conductor as 
required for cabling. 
(4) Possible high current conductors such as CICC, Rutherford cables, etc. 
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(5) No contamination of Ag stabilizer with Ga during transformation annealing: Ag stabilizer is 
confined in cross section away from the Ga coated surface and thus expected to have high RRR 
values. 
(6) Applicability to newly developed transformation techniques of a transformation-heat-based up-
quenching (TRUQ) [18], [19], a double rapid-heating quenching (DRHQ) [20] and Cu-added RHQ 
process [21]. 
(7) Freedom of Ag-stabilizer configuration in the cross section: a hexagonal Ag rod that has a jacket of 
Nb, as a module, could freely replace a JR Nb/Al rod when stacking the subelements.  This would 
result in desirable geometrical-configuration of Ag stabilizer in the cross section and flexibility in 
volume fraction of stabilizer.  In order to increase the rAg, the Nb center-rod of JR Nb/Al filaments is 
also replaced with the Ag rod when preparing the starting JR Nb/Al composite.  Thus, the rAg of strand 
is available in a wide range from 0.06 to 0.345. 
Disadvantages over Cu-cladding method are as follows, 
(1) Necessity to severely coordinate the reel-to-reel movement: the molten Ag cannot be expected to 
play a role as a reinforcement material during a reel-to-reel RHQ operation. 
(2) Narrow width of JRHQ plateau where as-quenched wires can be drawn without breakage using 
cassette-roller dies. 
(3) Large joule heating current density JRHQ: an electrical resistivity of Ag is much smaller than that of 
Nb or Nb compounds, and JRHQ gets to be typically one and a half times larger than the conventional 
one. 
(4) Difficulty in increasing a Ag/non-Ag ratio (rAg) to higher than 1.0 in principle. 
(5) Larger magnetoresistance. 
(6) Large induced radioactivity in case of nuclear fusion uses. 
(7) Slightly reduced n-index in the voltage-current characteristic. 
 
Fig. 6 shows the typical transverse cross-sectional images of internally stabilized RHQT Nb3Al 
conductors.  Fig. 7 shows the comparison of the critical current Ic and the critical current density Jc 
between the best performance Cu-clad and internally stabilized RHQT Nb3Al conductors 
manufactured so far, of which each Jc was optimized by giving an appropriate deformation after 
quenching (before transformation).  Wire diameters before RHQ operations are 1.35 mm and 1.26 
mm, and finished cross-sectional dimensions are 1.81 x 0.8 mm2 and 0.94 mmφ in diameter , 
respectively.  The Jc was defined as (Ic/Soverall) x (1+rCu(Ag)) x (1 + rNb) where Soverll and rNb mean the 
overall cross-sectional area and Nb/Nb3Al ratio, respectively.  The larger a rAg is, the smaller the 
volume fraction of JR Nb/Al filaments of the precursor wire becomes.  Thus, the Cu-clad conductor 
that does not have any Ag stabilizer would include a larger net volume of JR Nb3Al filaments and 
thereby could possess higher Ic than the internally stabilized conductor would do, even if at constant 
diameter of as-quenched wires and the amount of subsequent deformation (reduction in area, RA).  It 
is, however, noted that there is no clear difference in the Jc of Nb3Al filaments between the external 





    Fig. 6 Transverse cross-sectional images: (a) internally stabilized wire, 1.25 mm in diameter with rAg of 
0.345, (b) internally stabilized wire, 1.27 mm in diameter with rAg of 0.215. 
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    Fig. 7 Comparison of Ic and Jc between externally and internally stabilized RHQT Nb3Al conductors 
that have been subjected to 40 %RA after quenching. 
 
Fig. 8 summarizes the effect of deformation on RRR, Ic and Jc, as a function of RA for Cu clad 
rectangular conductor (rCu: 0.4) and internally stabilized wire (rAg: 0.34), for which the original wire 
diameters are the same, equal to 1.26 mm before RHQ operations.  Note that the deformation after 
quenching is effective in increasing the Jc in both cases of external and internal stabilization methods.  
However, the response of RRR on RA is quite different between external and internal stabilization 
methods.  As mentioned in the previous section, the higher the rAg value is, the more the RRR 
increases.  The RRR of internally stabilized conductor runs up to as much as 200 that is about four 
times larger than the case of Cu-clad conductor.  Deformation after quenching decreases the RRR of 
the internally stabilized conductor.  Possible reasons for such a RRR reduction are (1) the Nb jacket 
tore during round-to-round deformation and the Ag stabilizer got contaminated with Al during a final 
heat treatment, or (2) dislocations in the Nb matrix increased with deformation but did not disappear 
during the final heat treatment and thus the residual resistance of Nb matrix increased.  Meanwhile, the 
contamination with Ga during transformation annealing is inevitable for Cu-clad conductor, and the 
RRR of Cu-clad conductor is much smaller than the internally stabilized conductor.  
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Fig. 8 Effect of RA on (a) RRR, (b) Ic, and (c) Jc. 
 
4. COIL PERFORMANCE 
The loading test of coil is the most direct and reliable method to examine the uniformity and 
performance of a long-length of Cu-clad RHQT JR Nb3Al conductor.  The Tc and Jc of the 
transformed Nb3Al conductor strongly depend on the temperature ramp-up rate during transformation 
annealing, in particular for the conductor that is not subjected to any deformation after RHQ operation 
as shown in Fig. 9.   The transformation to A15 phase started and completed before the temperature 
reached to 800oC in case of slower ramp-up rates, e.g., 745-760oC for 40%RA and 760-800oC for 
0%RA samples.  Narrower temperature ranges where the transformation proceeds for deformed sample 
may make such a ramp-up rate insensitive to these critical parameters.  It is noted that such 
temperature ramp-up rate dependencies are consistent with the new transformation technique of 
TRUQ that utilizes a fast heating to complete the transformation in several tens seconds and improve 
dramatically critical parameters (Tc: 18.3 K, Bc2 (4.2 K): 29T).  When performing the transformation 
annealing of a coil that has large thermal capacity, the local temperature and hence the substantial 
temperature ramp-up rate might differ from place to place in the coil.  In order to ensure the uniform 
distribution of temperature, we must have raised a temperature to 800oC spending more than 10 h but 
deteriorated significantly the critical parameters, in case of as-quenched and transformed conductors.  
After all, the deformation processing (Cu-cladding) is very essential and necessary process for the coil 
heat treatment. 
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    Fig. 9 Effect of the temperature ramp-up rate on critical parameters for RHQT JR Nb3Al conductors 












RHQT JR Nb3Al 
conductor 
   
Stabilizer Cu-clad Cu-clad Cu-clad 
Piece length (m) 35 370 370 
Cross section (mm2) 1.61x0.71 1.82x0.84 1.81x0.80 
Filament diameter 70 74 75.5 
Number of filaments 84 132 132 
Cu/non-Cu ratio 0.45 0.38 0.39 
Insulator Al2O3 fiber Al2O3 fiber Al2O3 fiber 
Winding    
Inner diameter (mm) 19.7 90.2 64.6 
Outer diameter (mm) 40.8 111.8 99.3 
Height (mm) 49.7 200 132.4 
Number of turns 311 949 988 
Total length of wire 30 300.5 254 
Coil    
Impregnation Beeswax Beeswax Beeswax 
Transformation RT→(5h) →800oC→(10h) →800oC→RT 
Coil constant (T/A) 0.00106 0.00562 0.00797 
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    Fig. 10 Load lines of the solenoid coils wound with Cu clad RHQT JR Nb3Al conductors of which 
lengths are (a) 300.5 m and (b) 254 m, respectively.  Overall J is calculated by dividing I with cross section 
of a bare strand (excluding insulator). 
 
Table 1 shows specifications of two coils examined along with the previous one [7].  The 
present Cu-clad JR Nb3Al conductors used for windings are 10 times longer in a piece length and 27-
34% larger in cross section of a bare strand than those of previous one.  The conductor was insulated 
with Al2O3 fiber, which is mechanically stronger than the glass fiber after heat treatment.  
Furthermore, a coefficient of expansion of Al2O3 is closer to that of a metal.  When in the 
transformation annealing of the coil the temperature was raised to 800oC in 5 h, the temperature-ramp-
rate did not cause severe degradation in Jc, at least for the Cu-clad conductors (Fig. 9). 
Fig. 10 shows the results of loading test of coils that are wound µ with a long-length of Cu-clad 
JR Nb3Al conductor.  In the figures, plotted are also the Ic (1V/cm criterion) of short samples that are 
cut out from point and tail of a long-length of Cu-clad JR Nb3Al conductor used.  The quench currents 
of these coils are almost the same as the Ic of point and tail short-samples, respectively.  This clearly 
indicates that a long-length of RHQ processing over 300 m and subsequent Cu-cladding was 
uniformly performed so that a long-length of RHQT JR Nb3Al conductor gets trustworthy for practical 
coil applications.  The coils denoted by ME332 and ME365, while carrying currents of 416.2 A and 
400.3 A at 4.2 K in a bias field of 14 T, generated additional 2.3 and 3.2 T in bores of 90.2 mm and 
64.6 mm diameter, respectively.  These coils did not show a progressive improvement in performance 
after repeated quenching, i.e. “training.”  Quenching currents rather decrease slightly in sequence of 
400.3 A, 396.5 A, 396.5 A, 395.7 A, 395.8 A for the ME365 coil. The volume ratio of Cu to 




5. LOW FIELD JC CHARACTERISTICS 
The Ic and Jc characteristics in field less than 17 T have not been evaluated precisely so far, since the 
NMR insert coil needs a high current monolithic conductor that has a large cross area and thus the Ic 
of the Cu clad stabilized Nb3Al conductor exceeds 500 A below 17 T as show in Fig. 10, making it 
difficult to determine the Ic without thermal runaway.  Tsuchiya et al at the KEK has recently 
designed and fabricated the Ic measurement probe that can accommodate four solenoid samples 300 
mm in length and accept a current up to 1000 A [22], and evaluated the Jc (4.2 K) in field range 
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   Fig. 11  Ic and n-values of the RHQT Nb3Al round wire with various Cu stabilizer thickness in fields less 
than 17 T.  
To suppress the thermal runaway during Ic measurement, attention has been paid to incorporate 
adequate amount of Cu onto a wire.  Cu was put onto a wire by electroplating.  Fig. 11 shows the Ic 
and n-value of the RHQT JR Nb3Al wire 0.76 mm in diameter that is not subjected to any deformation 
after RHQ operation, transformation annealed at 800oC for 10 h and then electroplated with Cu.  The 
Ic of the samples increases with the thickness of the copper.  The differences in the Ic of these samples 
are larger than the estimated errors, ± 1 %.  Roughly speaking, the Ic (200 µm thickness copper) and Ic 
(250 µm thickness copper) are 5 % and 7 % larger than the Ic (150 µm thickness copper), respectively. 
The field dependence of this Ic enhancement is not clearly seen in this study. Another point we can 
find in this figure is that the n-value for thicker copper wire is larger although the n-value of the 
150 µm copper sample shows some strange behavior at low field.  From these facts, the Ic changes 
with the thickness of stabilizing copper and the larger Ic sample has larger n-value, we speculated the 
stress effect as a reason of this behavior and performed the Tc measurement of these samples with and 
without copper at 0 T, 4.2 K. However we couldn’t find a clear difference in the Tc of these samples. 
They were almost same values, 17.8 ± 0.1 K. Continued study is necessary to understand the copper 
thickness effect on the Ic.  The Ic of the samples with much thinner copper are not shown in Fig. 11.  In 
such case it was hard to measure the critical current, because the wire was easily quenched at over 





To obtain the highest Jc in low fields the transformation annealing (Fig. 12) and post RHQ 
deformation conditions (Fig. 13) were re-optimized.  As for the transformation annealing, the best Ic 
was obtained in the heat treatment of 15 h at 775 °C and the next was the heat treatment of 10 h at 
800 °C, which has been adopted for the high field NMR conductor. Roughly speaking, if we take 
higher temperature, the optimum duration becomes shorter. However, it is found that 725 °C is too 
low for the second heat treatment and 825 °C is too high to obtain a good characteristic at 10 T. Also, 
it is interesting to note that the Ic becomes sensitive to the change of the annealing condition with 
decreasing the field. 
A number of observations can be made with regard to the effect of the area reduction.  After the area 
reduction, the Jc is easily increased, however, the increase ratio changes depending upon the samples.  
The optimum reduction in area to obtain a high Jc at low field (below 17 T) is about 20 %. This value 
is slightly smaller than the value, 40 %, which has been reported for the high field NMR conductors.  
Therefore, we can speculate that the optimum reduction in are for enhancing the Jc would increase 
with a field-intensity. 
The optimum conditions of the transformation annealing and the reduction in area to obtain high 
Jc values in fields less than 17 T are slightly different from the values optimized for high-field (21T at 
4.2 K or 23.5 T at 1.8 K) NMR conductors.  The highest non-Cu Jc at 10 T and 4.2 K was 1734 
A/mm2 for the RHQT JR Nb3Al wire 0.69 mm in diameter, of which Nb/Nb3Al ratio and reduced 
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   Fig. 12  Effect of the transformation annealing on the Ic for the quenched wire that is not subjected to any 
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Fig. 13  Effect of the reduction in area subjected after RHQ operation on the non-Cu Jc and n-value. 
6. SUMMARY 
Current status of the RHQT JR Nb3Al conductor developed in Japan has been described.  Although the 
Cu stabilizer is incorporated by mechanical cladding and the resultant strand cross-section is 
rectangular, a 300 meter length of conductor is about to be commercially available for NMR uses.  
Further attempts have been made to increase the piece-length of conductor up to more than 2000 
meters by enlarging the multifilament billet size up to 50 kg and the RHQ apparatus.  For accelerator 
uses, the internal stabilization technique would be useful because the strand has a round shape. 
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